Neuromorphic computing is a promising candidate for breaking the von Neumann bottleneck and developing high-efficient computing systems. Here we present a W/TaO x /Pt high-precision electronic synapse with excellent analog properties for neuromorphic computing. The device exhibits the potential of 10-bit weight precision, which is state of the art in conductance levels. Furthermore, the device shows linear weight update behavior in a specific conductance range, linear I-V curves in low voltage regime, long time retention, and precise modulation of weight. These characteristics are very helpful for improving the accuracy of neuromorphic networks. Finally, a 400 × 60 × 10 three-layer perceptron was constructed with W/TaO x /Pt synapses for MNIST classification and ∼92% accuracy was achieved.
I. INTRODUCTION
In the traditional von Neumann computing systems, the computing unit and memory unit are physically separated, leading to a lot of extra power consumption and latency time in data transmission process [1] , [2] . This issue is becoming a major challenge to develop high-efficient system for data intensive applications, such as Internet of Things (IoT) and Big Data [3] , [4] . There is great demand to build non von Neumann computing architecture fusing computing unit and memory unit. Neuromorphic computing, learning from the information processing mechanism of biological neural network, is considered as one of the most promising candidates for next generation high-efficient computing systems [5] , [6] . High performance electronic synapse is the fundamental building blocks for neuromorphic computing system. Memristor, whose conductance can be changed according to the history of applied stimuli and maintained after removing stimuli, is an emerging nano-device and particularly suitable for electronic synapse due to the simple structure, multi-level conductance, low power consumption and scalability [7] - [12] . When integrated into a crossbar array, the memristor network has the ability to physically implement the The associate editor coordinating the review of this manuscript and approving it for publication was Mostafa Rahimi Azghadi . vector matrix multiplication (VMM) in a single analog computational step based on Ohm's law and Kirchhoff's current law. The VMM operation achieved by memristor crossbar array can be orders of magnitude more efficient than traditional circuits [13] , [14] . Such circuits are perfectly suitable for hardware implementations in neuromorphic computing systems to reduce power consumption, which requires massive amounts of VMM operations. In previous researches, various memristive electronic synapses have been introduced, such as Pt/LiSiO x /TiN [15] , Ti/AlO x /TaO x /Pt [16] , W/WO x /Pd [17] , Ag/i-SiGe/p-Si [18] , etc. And different methods for synaptic performance optimization have been studied, such as improving linearity of weight update [19] , [20] , increasing switching speed [21] and reducing power consumption [22] , reducing variation [18] , etc. S. Choi et al has proposed a one-dimensional confinement of Ag filaments in SiGe layer and effectively improved the on/off ratio and uniformity [18] . However, the major challenge of memristive electronic synapze is still to design electronic synapse with high precision.
In this work, we presented a W/TaO x /Pt memristor device with excellent analog property. The device shows stable bipolar resistive switching between 17 µS and 120 µS in current sweeping mode. The device conductance can be precisely modulated up by 1,100 triangle potentiating pulses and modulated down by 1,600 triangle depressing pulses. The results indicate that the device has the potential of 10-bit weight modulation precision, which is state of the art in conductance levels. In a relatively small switching window (between 25 µS and 50 µS), the device conductance can be tuned linearly by identical voltage pulses. Then 32 conductance state were selected as representatives for retention tests and all the states maintained 1,200 seconds without any obvious degradation in room temperature. In addition, a down-sampled handwritten grayscale image was used to measure the conductance modulation accuracy and the results show that the average relative error was less than 1.24%. Finally, a three-layer network was constructed in simulation with W/TaO x /Pt device and a >92% recognition accuracy was achieved for handwritten digits.
II. MATERIALS AND METHODS
The device was fabricated on the Si substrate with 100 nm thermally oxidization SiO 2 layer. The bottom electrode Ti/Pt (5/25 nm) was deposited by e-beam evaporation on the Si/SiO 2 substrate and patterned through lithography and liftoff process. Then 5 nm TaO x layer was grown on the Ti/Pt substrate by e-beam evaporation at 75 • C after second lithography process and released by lift-off procedure. The top electrode W (40 nm) was deposited by magnetron sputtering. A top view of the fabricated device was shown in Fig. 1(a) .
The cross-point size ranges from 2 µm to 20 µm. During electrical tests, the voltage signal was applied to the W electrode and the Pt electrode was tied to ground. All the electrical tests were performed with Keithley 4200SCS instrument.
III. RESULTS
To identify the chemical composition of switching layer, a 30 nm TaO x layer grown by e-beam evaporation at 75 • C was characterized by X-ray photoelectron spectroscopy (XPS). The XPS spectra of TaO x film is shown in Fig. 1(b) . Different from the spectra of Ta 2 O 5 standard sample, the peaks at 23 eV and 24 eV can be obviously observed in the fabricated TaO x sample. The atomic ratio of Ta and O is calculated to be Ta:O = 1:2.16, meaning the existence of Ta suboxides. The initial resistance of the fabricated W/TaO x /Pt device is ∼ 10 9 . Usually, a forming process is required to trigger reproducible switching behaviors, as shown in inset of Fig. 1(c) . After forming process, the device shows bipolar resistive switching behaviors. To avoid overshoot phenomenon [23] , the current sweeping mode was used in the following set and reset processes. Fig. 1(c) shows the 150 consecutive switching cycles under (0→0.7 mA) set process and (0→ −0.6 mA) reset process. And the cycle-to-cycle conductance distribution is shown in Fig. 1(d) , where the low conductance state is about 17 µS and the high conductance state is about 120 µS. The switching window is about ∼7, which is sufficient for neuromorphic computing [24] , [25] . Indeed, the uniformity of the device is not as good as other memristors. This may be caused by the uncertain current hold time between different switching cycles. The dispersed conductance distribution also means the device could possess excellent conductance modulation capability in pulse mode.
In current sweeping mode, the measure time of each current step cannot be precisely controlled, which is determined and optimized by the measurement instrument. Thus, triangle pulses were employed to investigate the electrical characteristics of the W/TaO x /Pt device. As shown in Fig. 2 , 1,100 positive triangle pulses and 1,600 negative triangle pulses were used to achieve gradual set and reset processes. The results show that the device conductance can be modulated up or down slowly. Furthermore, all the switching curves distributed evenly within the switching window, indicating that more than 1024 conductance states can be obtained during the modulation process. It should be noted that negative triangle pulses with different amplitude were used to achieve finer conductance modulation in the reset process. The device conductance fitted from the 2,700 triangle pulses at 0∼0.5 V are shown in Fig. 3(a) . The conductance state of W/TaO x /Pt device was modulated up from 17 µS to 90 µS under 1,100 (2.7 V, 500 µs) triangle pulses. The conductance change rate is relatively low in the first few hundred pulses, then it progressively increases. It is worth noting that the device shows linear modulation process in the conductance range from 25 µS to 50 µS. Then the conductance state of W/TaO x /Pt device can be modulated down from 90 µS to 17 µS under 1,600 negative triangle pulses. Indeed, the amplitude and width of triangle pulse were selected to guarantee a single pulse induced only a small change in the device conductance.
According to previous literatures [26] - [28] , the linear weight update behavior of the analog synapse is critical to the neuromorphic network. Generally, the weight update behavior is highly dependent on the switching window and pulse strategy. Thus, the switching behavior of W/TaO x /Pt device in a specific conductance range was further investigated. Fig. 3(b) shows the change of conductance states under identical pulses in the conductance range of 25 µS to 50 µS. The result demonstrates that the device conductance can be linearly modulated up and down by 200 identical set pulses (2.4 V, 100 µs) and 130 identical reset pulses (−2.9 V, 20 µs), respectively. The real-time current response to 50 set pulses are shown in Fig. 3(c) . As the number of pulses increases, the response current of the device increases linearly. It provides the direct evidence of linear conductance modulation capability of W/TaO x /Pt device, which is important to the high learning accuracy of the neuromorphic network.
In the calculation process with neuromorphic hardware, the input vector usually needs to be converted to voltage pulses with different amplitudes. Thus, the linearity of I-V characteristics at low voltage regime is crucial to the VMM operation. The I-V characteristics of the W/TaO x /Pt device at low voltage regime is shown in Fig. 4(a) . All the conductance states show quasi-linear I-V curves at 0∼0.5V regime. The linearity of an experimental curve can be described by equation (1), where y max is the maximum error between experimental data and fitted line, Y is the maximum value of the fitted line.
According to equation (1), the average linearity of the I-V characteristics at different conductance state within 0∼0.5V regime is calculated to be 3.24%. The results confirm that the conductance states of W/TaO x /Pt device possess good linearity at low voltage regime, which is beneficial for fast VMM operations. Furthermore, to achieve valid VMM computation, the conductance states must keep unchanged until the next conductance modulation. Thus, the retention property of each conductance state is very important. The room temperature retention of the selected 32 conductance states is shown in Fig. 4(b) . The conductance states were read by a 0.1 V voltage pulse every 10 seconds. As can be seen from Fig. 4(b) , all the 32 conductance states can maintain 1,200 seconds without any obvious degradation at room temperature.
The directional precise modulation of weight is a critical factor to neuromorphic computing, especially to off-line inference processing. Using the Keithley User Library Tool, we have implemented a program-verify scheme to modulate the device conductance precisely. In every program cycle, the conductance state of W/TaO x /Pt device will be checked and verified firstly to select the voltage polarity and amplitude of the applied pulses. The pulse width was fixed to 100 µs in positive pulses and 10 µs in negative pulses, respectively. If the discrepancy between actual device conductance and desired conductance is less than 3% in 50 program cycles, the program-verify scheme will end. If not, the actual conductance will be considered as the final value after 50 program cycles. Fig. 5(a) shows the detailed steps of the programverify scheme to modulate a device from 18 µS to the desired 40 µS. The top panel of Fig. 5(a) shows the changing pulse amplitude in the modulation process. The bottom panel shows the conductance trajectory over 50 program cycles. The final actual conductance is 39.8 µS, and the modulation error is 0.5%. Then a handwritten digit 5 from the MNIST database was down-sampled to 7×5 and the gray value of the image was mapped to the conductance window of the device, as shown in Fig. 5(b) . The value of each pixel in Fig. 5(b) was employed as the target conductance. Fig. 5(c) shows the images of the final actual conductance after modulation process. And the 3D histogram of conductance modulation error is shown in Fig. 5(d) . The average percentage of modulation error is calculated to 1.24%. All above results demonstrate the excellent conductance modulation ability of the W/TaO x /Pt device.
In order to investigate the influence of weight precision and modulation accuracy to the network performance, we simulated a three-layer perceptron with backpropagation algorithm for MNIST handwritten digit classification, as shown in Fig. 6(a) . Considering the difficulty of large-scale memristor array implementation [13] , [29] , [30] , we cropped the MNIST greyscale image to 20×20. The three-layer network consists of 400 input neurons, 60 hidden neurons and 10 output neurons. To perform the MNIST digit classification, the input MNIST image was unwrapped to a single 400×1 vector and the grey value of each element was used to determine the amplitude of input pulses range from 0 to 0.5 V. All the input neurons, hidden neurons and output neurons are fully connected through W/TaO x /Pt synapse array. The network was trained with 60,000 images from a training set, and the classification accuracy is tested with a separate set of 10,000 images. The training process and the final classification accuracy with different weight precision are shown in Fig. 6(b) and 6(c) . The results show that the classification accuracy increases with the improvement of weight precision. For 10 bits weight precision, a 93.6% accuracy can be obtained after 100 epochs. Finally, we have investigated the influence of weight modulation accuracy to the classification accuracy, as shown in Fig. 6(d) . The modulation error of 1.24% has little impact on the classification accuracy for 10 bits weight precision. Even taking into account the I-V linearity effects of 3.24%, an accuracy over 92% still can be obtained.
The above shows that the high weight precision and modulation accuracy help improve the network classification accuracy. In practical applications, non-ideal characteristics of the device, such as small on/off ratio, variability, yield, access line resistance, should also be taken into consideration. The co-design approach from device, algorithm, architecture and circuit should be developed to alleviate the affect from non-ideal characteristics.
IV. CONCLUSION
In summary, we have proposed a W/TaO x /Pt high-precision electronic synapse suitable for neuromorphic computing. The device shows excellent analog switching property, including potential of 10-bit weight precision, linear weight update behavior in specific conductance range, linear I-V curves in low voltage regime, long time retention and precise modulation of weight. The following simulation results demonstrate that a 400 × 60 × 10 three-layer perceptron with W/TaO x /Pt synapses for MNIST classification can achieve ∼92% accuracy. We believe our device could have high potential in neuromorphic computing and provide a possibility for developing non von Neumann computing technology in the future. His main research interests focus on memristive systems, neuromorphic computing, and circuit design.
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